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(57) The objective of present invention Is introduce 
machining tools and to manufacturing method to make 
extremely thin electronic material such as a piezoelec- 
tric element as a quartz oscillator, silicone or Gallium 
Arsenic and so on as well as a optical lens, which were 
difficult to be machined by conventional techniques. 

The manufacturing process of piezoelectric ele- 
ment and silicone and so forth is featuring to make plural 
concave parts on the surface, of the piezoelectric blank 
(80 [im thick and 2 inch diameter for example), which is 
machined by lapping tools as dual faced, one faced or 
others, is lapped by using the conventional chemical 



etching method as the first step, and to make thinner 
typically 12 |im (to 62 urn for example) on another sur- 
face of the blank by the reactive Ion etching (RIE) as the 
second step. Finally both surfaces are lapped by the du- 
al-face mechanical lapping machine, one face machine 
or float polishing machine in order not only to eliminate 
the rough ion-damaged layer in a few ^im thickness (for 
example convex and concave surface exists in thick- 
ness from 0.2 ^im to 3 ^un due to R I E) after the chemical 
RIE process, dry etching as ion milling and plasma etch- 
ing or wet etching, but also to fomri the oscillating part 
In a convex lens shape at the opposite surface of con- 
cave part. 
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Description 
Technicai Field 

[0001 ] The present invention Is related to a piezoelec- 
trie element and a manufacturing metliod, wliich is 
greatly capable to enhance the fundamental oscillation 
frequency. 

Related Art 

[0002] A quartz oscillator, which Is one of piezoelectric 
element, can apply to a wide variety of devices such as 
standard frequency sources of communication equip- 
ment and detection instrumentation, general purpose 
computers, OA information apparatus, micro computer 
clock pulses of home electric appliances and so forth. 
Therefore, the fundamental oscillation frequency Is re- 
quired to be enhanced by making the thickness thinner 
in order to get the higher perfonmance of the information 
processing and the transmitting capability. 
[0003] Also, the novel shape is proposed to shape the 
element in lens configuration In order to manufacture the 
high quality oscillator, and the element has achieved the 
high performance relatively in lower frequency zone. 
[0004] However, there exists a problem to thinner the 
oscillator, and the dual-face lapping machine could 
make it only down to 24.0 \xm (approximately 70 MHz 
resonance). Also when the lens shape piece could not 
be made up, since the curve face was extremely difficult 
to manufacture. 

[0005] Furthermore, although conventional detection 
and prediction methods of earthquake were the under- 
ground structure probe techniques for ocean observa- 
tion, oil, methane gas, gold, silver and diamond, other- 
wise earth magnetic field detection, GPS survey or laser 
scan between tow distances, the air vibration detection 
of the earthquake and Tsunami may be one of promising 
candidates. The sound collection microphone was used 
to change the air vibration to the electric signal to record 
and analyze it easily, however It is too difficult for this 
microphone to detect the specific frequency, since this 
can frequently pick up noises. 

[0006] Quartz oscillators are essential electronic de- 
vices for digital equipment for communications and 
computers. The oscillator is required to increase the fun- 
damental frequency by thinner the element for the high- 
er perfomnance of the information processing and the 
transmitting speed. Furthemnore for mobile communica- 
tion equipment, the primary frequency should be higher 
to make them smaller and to save the electric power. 
[0007] The manufacturing methods of Quartz oscilla- 
tor were generally the mechanical polishing and chem- 
ical wet etching. The former could make oscillator in var- 
ious surface shape, however the minimum thickness 
was 30 ^m. The latter could made thinner in principle 
without the surface processing damage, but this proc- 
ess also had the limitation to be thinner with the etch 



channel and so on. On the other hand, a reactive ion 
etching (RIE) or plasma etching (these are called as the 
chemical dry etching) would introduce the ion-damaged 
surface, however the dry etching will be capable to make 

5 the oscillator thinner without the surface roughness. 
[0008] The mass production process is developed to 
employ these advantageous methods for high frequen- 
cy quartz oscillators. However as the thinner oscillator, 
the conventional manufacturing method with dual-face 

10 lapping machine had the limitation at 30 jtm (frequency 
55.6 MHz). Furthemnore in case of finishing the surface 
In a lens shape, the manufacturing was extremely diffi- 
cult to make the surface in curved shape on the thinner 
element, and there existed no means to mass-produce 

f5 thinner oscillators at a reasonable cost. 

Disclosure of Invention 

[0009] Therefore, the first object of th e present inven- 
20 tlon is both to Introduce the piezoelectric element, which 
thickness Is thinner than any other one, and to disclose 
the manufacturing process. The second object is to in- 
troduce a sound to electric transducer, accurately to de- 
tect the sound wave of the specific frequency with the 
25 minimum noise. The manufacturing process of piezoe- 
lectric element In the present invention to solve the 
above problems is featuring to make a concave part on 
one surface of plate by using the chemical etching meth- 
od, and to make thinner on the other surface by the re- 
30 active ion etching, and to polish the both surfaces of the 
elemerit by the mechanical lapping in order not only to 
eliminate the rough layer due to RIE but also to form the 
oscillating part in a convex tens shape at the concave 
part. 

35 [0010] Figure 100 shows the manufacturing process 
of the present Invention. First of all, a quartz blank plate 
1 00 which thickness Is 50 \im for example Is cut from an 
artificial quartz blank 100 (Figure 100 (a)), and a con- 
cave part 1 01 in the cross section is fonned by resolving 

^0 the one surface (the central part of upper side) of said 
plate by a chemical etching method with fluorine hydride 
(Figure 1 00 (b)). The thinner part from the base surface 
of the concave part 1 01 to the lower surface of the quartz 
blank 100 is the oscillating part, which generates high 

45 frequency, and remaining part is a frame part 1 02. This 
is in the same way of the conventional manufacturing 
process. 

[001 1] As the next stage, the lower whole surface of 
the quartz blank 1 00 was etched by ion etching process 

50 with fluorine gas, and the plate becomes thinner (Figure 
100(c)). The ion etching is a manufacturing method, 
where atoms of fluorine ionized gas in the plasma state, 
are accelerated by electric voltage and collided to the 
blank 100, and silicone atoms in Si02 are etched from 

55 the surface. 

[0012] The chemical etching alone cannot machine 
the plate thinner than 20 \xjm as mentioned above. Af- 
terward the plate will become thinner down to 10.3 ^m 
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approximately with Ion etciiing process. However even 
ion etching cannot attain the 1 0 \im target. Although the 
ion etching malces the Plate thinner, this process is 
found to make "ion-damaged layer", which Is non-crys- 
talline part and unknown defect formed by atom colli- 
sions at the single crystalline surface. The thickness of 
this layer Is from 0.2 p.m to 0.3 p.m. 
[0013] The mechanical tapping Is to be consequently 
employed. The final dual-face surface polishing (Figure 
100 (d)) will be executed at the lapping layer of approx- 
imately 0.3 pm. This dual lapping machine Is a similar 
construction of gear mechanism like a planet. First of all 
the quartz plate 100 is set in a steel-made carrier 106 
(planet gear) which rotates round its axis and revolves 
around a fixed point, and the plate is set between an 
upper ground table 103 and the lower table 104. Two 
polyurethane lapping pads 105 are pasted on the two 
ground tables. 

[001 4] White cerium oxide powders in water are filled, 
the quartz plate 1 00, which is fixed by the carrier 106, 
rotates and also revolves between the ground tables 

101 , 104, and both surfaces of the plate 100 are to be 

polished. 

[0015] As shown in Figure 100 (e), the shape of quartz 
plate 1 00 after the dual-face lapping process Is similar 
to a convex lens which' lower surface Is in a convex 
curve. An oscillator in this shape of lens like cross sec- 
tion is known to eliminate higher order oscillations (spu- 
rious frequency), which are harmful to electronics, and 
also to show a stable perfonmance. 
[001 6] Figure 1 01 shows the reason why the plate be- 
comes the convex lens shape. The lapped mass is pro- 
portional to the lapping pressure. Although the frame 
part 102 of the concave quartz plate 100 after the ion 
etching receives extremely high lapping pressure be- 
tween the upper and lower ground tables 103 and 104, 
the concave part 101 which becomes the oscillating part 
receives small lapping pressure only by the lower 
ground table 1 04. Furthemnore the lapping pressure be- 
comes lower at the central part of the concave plate 1 01 
since the shape is concave (Figure 101 (a)). Therefore 
the tapped mass becomes minimum at the center of the 
concave part 101, it is maximum near the frame part 

102, and the tapping quantity between the center and 
frame changes as a spherical part with a certain curva- 
ture. As the consequence the quartz oscillator becomes 
the convex lens shape (Figure 1 01 (b)). The central part 
of the lens is most thick as 10 pm. 

[0017] As understand well, only 0.3 \im layer Is lapped 
by the dual-face lapping process. The small lapping 
process eliminates .the damaged layer and forms the 
convex lens. Actually the chemical and ion etchings are 
the coarse lapping, and the dual-face lapping is the fine 
finishing process. 

[0018] The present invention with these technology 
combinations enables piezoelectric element to be the 
thinnest among conventional processes, and more sta- 
ble oscillation without spurious frequency is achieved by 



the oscillation part in the convex lens shape. 
[0019] In order to achieve the second object, the 
sound to electric transducer has the pressure detection 
surface of piezoelectric effect material in the center of 
5 the cylinder. The pressure detector has a pair of elec- 
trode. 

[0020] Also the manufacturing method of the sound 
to electric transducer in the present invention is to ma- 
chine two cylindrical holes from both ends of the piezo- 

10 electric material by using the specific drilling means, and 
to make the pressure detection surface of the required 
thickness at the center of the circular rod, and to transfer 
the signal of the exterior sound vibration by a pair of 
electrode at the pressure sensor. The machining means 

15 are to make grooves at the surface of barrel whetstone, 
and to rotate the whetstone either by injecting com- 
pressed air and liquid, or by using othertechniques. Also 
the barrel stone can be made by steel sphere which 
cross section is near circle. 

20 

Brief Description of Drawings 

[0021 ] Figure 1 is the flow chart of the manufacturing 
process In the present invention. 

25 [0022] Figure 2 is the first manufacturing example of 
Quartz oscillator, and (a), (b) and (c) shows the cross 
section of the Quartz oscillator, the microgram of the res- 
onator and the reactance-frequency diagram, respec- 
tively. The blank material is AT cut. the thickness is 103 

30 |im, the diameter Is 5 mm, the machined dimension is 
25 |im, the curvature radius is 30 mm. 
[0023] Figure 3 is the second manufacturing example 
of quartz oscillator, and (a) and (b) shows the cross sec- 
tion of the quartz oscillator and the reactance-frequency 

35 diagram, respectively. The blank material Is AT cut, the 
thickness is 103 p.m, the diameter is 5 jim, the machined 
dimension is 9 ^un, the curvature radius is 200 mm. 
[0024] Figure 4 is the third manufacturing example of 
Quartz oscillator, and (a) and (b) shows the cross sec- 

40 tion of the quartz oscillator and the reactance-frequency 
diagram, respectively. The blank material is AT cut, the 
thickness is 77 pm, the diameter is 5 mm, the machined 
dimension is 27 \xm. 

[0025] Figure 5 is the reactance-frequency diagram 
45 of AT cut blank and thick quartz oscillator 

[0026] Figure 6 is the reactance-frequency diagram 
of AT cut blank and thick quartz oscillator. 
[0027] Figure 7 is the reactance-frequency diagram 
of AT cut blank and thin quartz oscillator 
50 [0028] Figure 8 is the reactance-frequency diagram 
of AT cut blank and thin quartz oscillator. 
[0029] Figure 9 Is the reactance-frequency diagram 
of AT cut blank and more thin quartz oscillator. 
[0030] Figure 1 0 is the reactance-frequency diagram 
55 of AT cut blank and thinner quartz oscillator. 

[0031 ] Figure 1 1 is a cross section of the first machin- 
ing supporter in the present invention of the manufac- 
turing method. 
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[0032] Figure 1 2 is a cross section of the second ma- 
chining supporter in the present invention of the manu- 
facturing method, 

[0033] Figure 13 is the set cross section of the first 
machining supporter, the second supporter and quartz 

plate. 

[0034] Figure 14 is a cross section of another example 
for the present invention of the manufacturing method. 
[0035] Figure 15 is the cross section and the plan of 
one manufacturing method for the present Invention. 
[0036] Figure 1 6 is the cross section of the present 
manufacturing setup between the lapping pfate. 
[0037] Figure 17 is the plan diagram of another ma- 
chining supporter for the present invention of the man- 
ufacturing setup. 

[0038] Figure 18 Is the cross section of the quartz 
plate, which is manufactured by the machining support- 
er in Figure 13. 

[0039] Figure 19 is the cross section of the quartz 
plate, which Is manufactured by the machining support- 
er in Figure 13. 

[0040] Figure 20 is the plan diagram of the lapping 

plate motion. 

[0041] Figure 21 is the plan diagram of the lapping 
plate motion. 

[0042] Figure 22 is the cross section diagram of an 
executed example in the present invention. 
[0043] Figure 23 is the cross section diagram of an 
executed example in the present invention. 
[0044] Figure 24 is the cross section diagram of an 
executed example in the present invention. 
[0045] Figure 25 Is the cross section diagram of the 
machining setup example in the present invention. 
[0046] Figure 26 Is the cross section of quartz plate 
manufactured by the setup in Figure 25 and others. 
[0047] Figure 27 is the cross section of another ex- 
ample of the machining setup. 

[0048] Figure 28 is the cross section of another ex- 
ample of the machining setup. 

[0049] Figure 29 is the cross section of another ex- 
ample of the machining setup. 

[0050] Figure 30 is the cross section of the executed 
example in the present invention. 
[0051] Figure 31 is the cross section of the executed 
example in the present invention. 
[0052] Figure 32 is the cross section diagram of the 
machining method in the present manufacturing inven- 
tion. 

[0053] Figure 33 is the side view diagram of the ma- 
chining tool in the present manufacturing invention. 
[0054] Figure 34 is the side view and A-A cross sec- 
tion diagram of the machining stone in the present man- 
ufacturing invention. 

[0055] Figure 35 is the cross section diagram of one 
example executed for the present manufacturing inven- 
tion. 

[0056] Figure 36 is the side view and cross section 
diagram of another machining stone in the present man- 



ufacturing invention. 

[0057] Figure 37 is the cross section diagram of an- 
other machining tool in the present manufacturing in- 
vention. 

5 [0058] Figure 38 is the cross section diagram of an- 
other machining tool in the present manufacturing in- 
vention. 

[0059] Figure 39 is the cross section diagram of an- 
other machining tool in the present manufacturing in- 
10 vention. 

[0060] Figure 40 is the side view and plan diagram of 
the machining tool for the actual manufacturing diagram 
in the present invention. 

[0061] Figure 41 is the. enlarged cross section and 
^5 plan diagram of the machining tool for the actual man- 
ufacturing diagram in the present invention. 
[0062] Figure 42 is the cross section of the manufac- 
tured sample the present invention. 
[0063] Figure 43 is the cross section of the manufac- 
20 tured sample the present Invention. 

[0064] Figure 44 is the cross section of the quartz 
plate manufactured by the machining supporter in Fig- 
ure 13. 

[0065] Figure 45 is the cross section of the quartz 
plate manufactured by the machining supporter in Fig- 
ure 13. 

[0066] Figure 46 is the cross section of the quartz 
plate manufactured by the machining supporter in Fig- 
ure 14. 

[0067] Figure 47 is the cross section of the sample 
manufactured by the present invention. 
[0068] Figure 48 is the cross section of the sample 
manufactured by the present invention. 
[0069] Figure 49 is the cross section of the sample 
manufactured by the present invention. 
[0070] Figure 50 is the cross section of the sample 
manufactured by the present invention. 
[0071] Figure 51 is the cross section of the sample 
manufactured by the present invention. 
[0072] Figure 52 is the cross section of the sample 
manufactured by the present invention. 
[0073] Figure 53 is the cross section of the sample 
manufactured by the present invention. 
[0074] Figure 54 is the cross section of the sample 
manufactured by the present invention. 
[0075] Figure 55 is the cross section of the sample 
manufactured by the present invention. 
[0076]. Figure 56 is the cross section of the sample 
manufactured by the present invention. 
[0077] Figure 57 is the reactance-frequency diagram 
of the thin quartz oscillator of AT cut material. 
[0078] Figure 58 Is the reactance-frequency diagram 
of the thinner quartz oscillator of AT cut material. 
[0079] Figure 59 is the reactance-frequency diagram 
of the thinner quartz oscillator of AT cut material. 
[0080] Figure 60 is the reactance-frequency diagram 
of the thinnest quartz oscillator of AT cut material. 
[0081] Figure 61 Is the cross section and plan diagram 
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to show the machining method of the present invention. 
[0082] Figure 62 is the cross section diagram to show 
the machining method of the present invention. 
[0083] Figure 63 is the cross section diagram to show 
the machining method of the present Invention. 
[0084] Figure 64 is the cross section diagram to show 
the machining method of the present invention. 
[0085] Figure 65 is the cross section and plan diagram 
to show the machining method of the present invention. 
[0086] Figure 66 is the cross section and plan diagram 
to show the machining method of the present invention ^ 
[0087] Figure 67 is the cross section and plan diagram 
to show the machining method of the present invention. 
[0088] Figure 68 is the cross section and plan diagram 
to show the machining method of the present invention. 
[0089] Figure 69 is the cross section and plan diagram 
to show the machining method of the present Invention. 
[0090] Figure 70 is the cross section and plan diagram 
to show the machining method of the present invention. 
[0091 } Figure 71 is the cross section diagram to show 
the machining method of the present invention. 
[0092] Figure 72 is the cross section diagram to show 
the machining method of the present invention. 
[0093] Figure 73 is the cross section diagram to show 
the machining method of the present Invention. 
[0094] Figure 74 is the cross section diagram to show 
the machining method of the present invention. 
[0095] Figure 75 Is the measured upper surface 
shape diagram of the AT cut quartz oscillator in the con- 
cave lens shape. 

[0096] Figure 76 is the measured rear surface shape 
diagram of the AT cut quartz oscillator in the concave 
lens shape. 

[0097] Figure 77 is the reactance-frequency diagram 
of the AT cut quartz plate in the concave lens shape, 
which is made by wet etching process. 
[0098] Figure 76 is the reactance-frequency diagram 
of the AT cut quartz plate in the concave lens shape, 
which is made by the mechanical lapping means after 
the wet etching process. 

[0099] Figure 79 is the cross section diagram to show 
the manufacturing method of the present Invention. 
[01 00] Figure 80 is the cross section diagram to show 
the manufacturing method of the present invention. 
[01 01 ] Figure 8 1 is the cross section diagram to show 
the manufacturing method of the present invention. 
[01 02] Figure 82 is the cross section diagram to show 
the manufacturing method of the present invention. 
[01 03] Figure 83 is the cross section diagram to show 
the manufacturing method of the present Invention. 
[0104] Figure 84 is the reactance-frequency diagram 
of the AT cut quartz plate in the concave lens shape 
which is made by the mechanical lapping means after 
the wet etching process. 

[0105] Figure 85 is the reactance-frequency diagram 
of the AT cut quartz plate in the concave lens shape 
which is made by the mechanical lapping means after 
the wet etching process. 
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[0106] Figure 86 is the reactance-frequency diagram 
of the AT cut quartz plate in the concave lens shape 
which is made by the mechanical lapping means after 
the wet etching process. 
5 [0107] Figure 87 Is the measured upper surface 
shape diagram of the AT cut quartz oscillator in the con- 
cave lens shape 

[0108] Figure 88 is the measured upper surface 
shape diagram of the AT cut quartz oscillator in the con- 
10 cave lens shape 

[01 09] Figure 89 is the cross section diagram to show 
the manufacturing method of the present invention. 
[01 1 0] Figure 90 is the cross section diagram to show 
the manufacturing method of the present invention. 
15 [0111] Figure 91 is the cross section diagram to show 
the manufacturing method of the present invention. 
[01 1 2] Figure 92 is the cross section diagram to show 
the manufacturing method of the present invention 
[0113] Figure 93 is the reactance-frequency charac- 
teristics of thick quartz oscillator which material Is AT 
cut, and the plan the cross section of the resonator of 
the single inverted mesa type. 

[0114] Figure 94 is the reactance-frequency charac- 
teristics of thin quartz oscillator. 
[0115] Figure 95 is the shape diagram of thin quartz 
oscillator, which is measured by the interference micro- 
scope. 

[0116] Figure 96 is the reactance-frequency charac- 
teristics of thin quartz oscillator which material Is AT cut. 
[0117] Figure 97 is a peak to valley (P-V) diagram. 
[0118] Figure 98 is a graph of inverted curvature ra- 
dius in the convex lens shape of single inverted mesa 
type. 

[0119] Figure 99 is a graph of the surface roughness 
change at the concave center of single inverted mesa 
type, 

[01 20] Figure 1 00 is the fiow diagram of the manufac- 
turing process for the present invention. 
[0121] Figure 101 describes the fomiation mecha- 
nism of the piezoelectric convex lens for the present in- 
vention. 

EMBODIMENT OF Invention 

[01 22] This chapter presents the embodiments carry- 
ing out our invention. 

The present inventors succeeded to develop novel ma- 
chining method in afield of lapping machine and to make 
quartz oscillators which thickness is 9 pun and shape is 
plano-convex. Furthemnore, relations between the 
thickness and the electric characteristics of oscillators, 
which were thinner than 500 (im, were surveyed In order 
to develop the higher perfonmance quartz oscillators. 
As quartz Is fragile, the matched machining method was 
thought to be limited to the mechanical lapping or chem- 
ical wet etching. Therefore, the lapping machining meth- 
od was seldom used to make quartz oscillators for high 
frequency use. 
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[0123] The lapping method invented by the present 
authors uses a ball whetstone 1 , which steel sphere is 
gilt by diamond grinding grains 57 as shown in Figure 
1 . in other words, the quartz plate 4 is set on a cylindrical 
magnet 3. which is set on the primary axis of ultra high 
precision lathe, and the tool supporter 6 with a sphere 
stand is mounted at the end of the grinding spindle 5. 
When this is accessed to the cylindrical magnet 3, the 
steel sphere is attracted to the tool supporter 6 by the 
magnetic induction. Since the tool supporter 6 is smaller 
than the diameter of cylindrical magnet 3, the magnetic 
flux between the ball whetstone 1 and the tool supporter 
6 is stronger than that between the ball whetstone 1 and 
the cylindrical magnet 3. Therefore the ball whetstone 
1 is strongly attracted to the tool supporter 6, and they 
are one-body without the separation even if during the 
high frequency rotation. 

[0124] The present lapping method employs a bail 
whetstone 1 which is gilt electrically by diamond grains 
57 on the steel sphere. Also the centering of the whet- 
stone 1 becomes unnecessary during the exchange, 
since the tool holder 6 is cylindrical and the steel sphere 
is accurately made. Therefore the exchange of the whet- 
stone 1 becomes speedy from the rough machining to 
the final lapping. This motion of the ball whetstone 1 is 
controlled by NC machine, and the curved surface can 
be also made. 

[0125] The diameter of diamond whetstone grain 57, 
which is electrically gilt on the ball whetstone 1 of steel 
sphere for ball bearing and so on, is various and is for 
example 30 ^m for the rough machining, 16 |im for the 
middle one and 4 mm for the fine one, respectively. 
Since the diameter of diamond whetstone grain 57 de- 
pends on the machining stage, the central point of the 
ball whetstone 1 moves perpendicularly along the diam- 
eter of the whetstone grain 57, when the ball whetstone 
1 is absorbingly hold to the cylindrical holder 6 by the 
magnetic induction of the cylindrical magnet 3 at the pri- 
mary axis 2. 

[0126] As shown in Figure 1 (b) the solution to this 
problem is only for the area of the cylindrical holder 56 
at the ball whetstone 1 , which is set by the tool holder 
6, not to be contacted to the diamond grain 57. Then the 
ball whetstone 1 . which is either for the rough lapping, 
for the middle one or for the final one, can be easily 
changed for any diameter of diamond whetstone grain 
57, since the central line of the x and y axes for the ball 
whetstone 1 are fixed especially as for the perpendicular 
axis X as shown in Fig. 1 (c). 

[01 27] The present inventors succeeded to make the 
piano-convex shape oscillator which holder 51 is com- 
bined to the groove 52 as shown in Figure 2 (a). It is 
called as the smooth line 53 to combine the holder 51 
and the groove 52. The lens shape is 25 \um thick, 3 mm 
curvature radius and the shaping error less than 0.1 \im 
as shown in Figure 2 (b) where the central part of quartz 
disk is machined. Conventionally the quartz resonator 
in this shape was thought to be spuriously vibrated and 



in poor performance. However as seen in Figure 2 (c), 
the reactance-frequency characteristics is steeply res- 
onated without any spurious signal, and this is under- 
stood as an ideal quartz oscillator. 
5 [0128] Further trial to make thinner quartz resonators 
brought a success to manufacture 9 ^m thick and 200 
mm curvature radius oscillators. After this was lapped 
by cerium oxide and eliminated the surface of approxi- 
mately 0.5 \xm thickness, we got the product as shown 
10 in Figure 3 (a). Figure 3 (b) shows the reactance-fre- 
quency property, which curve is no so steep and the Q 
value is slightly smaller than that in Figure 2, however 
there is utteriy no spurious oscillation. The reason why 
the curve is no so sharp Is that there exists a damaged 
IS layer inside the surface of the resonator, and that the 
relative ratio of the layer becomes larger in thinner 
quartz. However, this damaged layer can be improved 
by the additional etching process. 
[0129] The next stage was tried to increase the thick- 
ness of quartz lens for a condition of the constant cur- 
vature radius as 30 mm. When the thickness was less 
than 125 \im, there was a sharp resonance without the 
spurious oscillation as seen in Figure 2. However, new 
phenomena appeared to be spurious or to be not reso- 
nated, when the thickness is over 125 ^un. 
[0130) On the other hand we made quartz oscillators 
which were 27 \im thick and in the planar or concave 
lens shape called as the inverted mesa type as shown 
in Figure 4 (a). Figure 4 (b) shows the electric charac- 
teristics, which is slightly poor than that of the plano- 
convex type, however there was no spurious signal. Al- 
so as the thickness of the Inverted mesa type resonator 
was increased, there was no oscillation over 30 ^m 
thickness. Since the inverted mesa type is thought to be 
the plano-convex lens with the infinite diameter, this 
quartz oscillator with the ring support has the good res- 
onance or non-resonance region, which depends on the 
thickness of the oscillating part. 
[0131] This invented method Introduced the following 
conclusions. Although the quartz oscillator with no spu- 
rious signal was thought to be conventionally bi-convex, 
the plano-convex type quartz can also show the ideal 
resonance without the spurious oscillation when the 
thickness is less than approximately 30 \m). Also the 
manufacturing technique of plano-convex type in Figure 
1 can be applied to the concavo-convex or bi-convex 
type. 

[0132] The present inventors devoted their efforts the 
research of quartz resonator as thin as possible. Figure 
5 and Figure 6 show the reactance-frequency charac- 
teristics of respectively 76. 7 ^m and 100 \un thickness 
with 5 mm diameter. 

[0133] In this Figure there are spurious signals near 
the fundamental oscillation. 

[01 34] Figure 7 shows the reactance-frequency curve 
of 33)xm quartz oscillator, and there is no spurious peak 
within 5 MHz of the fundamental frequency. 
[0135] Figure 8 shows many spurious signals in 6 
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MHz intervals approximately. Figure 9 is the reactance- 
frequency property of 31 thick quartz oscillator, and 
no spurious peak is seen within 5 MHz of the fundannen- 
tal frequency, but the spurious signal is approximately 
8 MHz apart from the fundamental one as shown in Fig- 
ure 1 0. Then the thinner the quartz oscillator is, the far- 
ther the spurious signal from the primary oscillation. 
[0136] From Figure 11 to Figure 19, the manufactur- 
ingsystem of the quartz oscillatoris presented. This sys- 
tem has the groove or step 12 in ring, rectangular or oth- 
er shapes as shown in Figure 1 1 . This groove or ring 1 2 
is inserted by the second machining auxiliary tool 1 9, 
which is in ring, other ring shapes or cylindrical shape 
deeper than the ring or groove 12. The lapping object 
as quartz oscillator 13 in this case is set inside the sec- 
ond machining auxiliary tool 1 9. This quartz oscillator is 
as high as the protruding height (for example 40 ^m) of 
the second toot 19 from the first tool 11 , and the shape 
of the oscillator 13 Is disk or others. 
[0137] As other lapping procedures the following 
methods are convenient to conrect the distortion during 
machining the quartz oscillator 13. 

(1 ) Before the oscillator 1 3 is set on the first auxiliary 
tool 1 1 . the one surface is evaporated by metals as 
gold, silver or aluminum etc as the preprocessing. 

(2) After one side of oscillator 13 has the metal 
membrane or other processes are used, the surface 
of one side is processed so as to discriminate the 
front from the rear surface. 

(3) Then for instance when the very thin metal mem- 
brane is made, the oscillator 13 is set on the first 
tool 1 1 , and the plate 1 3 is lapped to 20 (im thick for 
example after this is lapped to be 40 ^m by the dual 
face lapping machine. 

(4) Even during the lapping process, the lapped sur- 
face of the plate 13 has substantial distortion. In or- 
der to eliminate the distortion, the washing is re- 
quired for the first tool 11 , the second tool 19 and 
the plate 13 after these are took off from the dual 
face lapping machine. 

(5) Then the surface of metal membrane on the 
plate 13 is set upwards again, the plate 13 during 
the lapping is set on the first tool 11 , this plate 13 Is 
lapped from the surface of the metal membrane, 
and the final plate 1 3 is made to be 1 0 p,m thick ap- 
proximately. At the same time since the plate 13 is 
lapped from both sides, the distortion is limited to 
be minimum when the plate 13 is lapped from one 
side. 

[0138] Another example in Figure 15 shows the lap- 
ping process of the Quartz plate 13 only with the second 
auxiliary tool 1 9 without the first tool 1 1 . Also as seen as 
an another case in Figure 7 (a) (b), plural holes 16 are 
made in the first tool 11 . The number of holes 16 is 2 or 
3, and the quartz plate 13 is connected to the first tool 
11 only at the area of holes 16 after the holes 16 are 
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filled with the viscous material as honey, a bond or 
grease of adhesive 59 or other adhesives. The plate 13 
can also sucked by the vacuum force through the holes 
16. The hole 16 locate at the circumferential region as 
5 shown in Figure 1 7(a), orthey are set coaxially as Figure 
1 7 (b). but these are not all cases. When the quartz plate 
13 is connected by the holes 16 of the first tool 11 only 
at the small area of holes 1 6, the second tool 1 9 is not 
always used. 

10 [0139] When the quartz plate 13 is used to be ab- 
sorbed to the upper surface of the first auxiliary tool 1 1 , 
the one face tapping machine is employed, since the du- 
al faced lapping machine is not used. However it is omit- 
ted to show the structure diagram of the upper tool sur- 

is face 11 to be connected. 

[0140] Figure 1 8 and Figure 1 9 show the shape of the 
quartz plate 13, which ts lapped by the first lapping tool 
11 and the second tool 1 9 as seen in Figure 13. It is the 
reason why the shape of the plate 13 in Figure 18 is 

20 different from that In Figure 1 9 that the material of the 
second tool 1 9 is different between Figure 1 8 and Figure 
1 9. This is applicable only to the case of the lapping plate 
1 7 and 1 8, which is made of the suede (pad or buff), and 
the shape in Figure 1 8 becomes identical to that In Fig- 

25 ure 1 9 when the lapping plates 1 7 and 1 8 are made from 
iron, tin and so forth. However the lapping agent 65 for 
the lapping plate of tin should be made from cerium ox- 
ide, diamond or GC etc. 

[0141] The second too 11 9 in Figure 18 is made from 

30 hard glass of quartzite which hardness is same as the 
quartz plate 13, and the tool 19 in Figure 19 is made 
from hard metal as super steel or iron or fro plastic which 
is more difficult to be machined than the quartz plate 13. 
The lapping agent 65 must be cerium oxide, since the 

35 quartz plate 1 3 can be well lapped by the agent 65 due 
to the quartz similarity of quartzite as hard glass, how- 
ever the second tool 1 9 made from hard metal as super 
steel or iron is too hard to be lapped by the agent 65. 
[01 42] As shown In Figure 20 and Figure 21 , the upper 

40 and lower lapping plate 1 7 and 1 8 revolves with the sup- 
ply of slurry (moving whetstone grains), the quite thin 
quartz plate 13 can be lapped easily. When the carrier 
37 of the first lapping auxiliary tool 1 1 is set between the 
sun gear 39 and the internal gear 38 and the first tool 

45 1 1 revolve around the sun gear 39 and also rotate itself, 
which Is known as the planet motion, the extremely thin 
quartz oscillator is easily lapped, while the upper surface 
of quartz plate 13, which is held by one surface of the 
first tool 11 machined by the upper lapping plate 18. and 

50 another surface of the quartz plate 1 3 is machined by 
the lower lapping plate 17 as shown in Figure 16 (b). In 
case of one side lapping method, the same technique 
is used to lap the quartz plate 13. 
[01 43] After the Quartz plate 1 3 is machined to be ex- 

55 tremely thin as 10 p.m for example by the above tech- 
niques, it becomes very difficult for the thin plate 13 to 
be handled and also to set the electrode of the plate 13. 
Then as shown in Figure 22, the quartz plate 13 is set 
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at the center of the holding frame 48, which is nnade from 
an isolator or a non -isolator, the plate 13 is held to the 
frame 48 by a fine gold wire 49 (for example 1 8 \un) with 
the bonding machine. After the quartz plate 13 Is set to 
the frame 48, it is still better for the whole surface of the 
plate 13 to be pushed upwards, otherwise for the gold 
wire 49 to be tightened by other means as seen Figure 
23 (b), since the wire 48 is loose as shown in Figure 23 
(a). As shown in Figure 23 when the quartz plate 13 is 
fixed to the frame 48 by the wire 49 from three directions 
at least as shown In Figure 22, the vibration of the plate 
13 Is absorbed by the wire 49 and the quartz property 
is enhanced to the uttermost degree, since the plate 13 
becomes the state of floating as If in the air. 
[01 44] After the quartz plate 1 3 Is set to the frame 48 
by the wire 49 as seen Figure 23, the electrode 50 is 
deposited to the small central part of the plate 1 3 by gold 
and so on. and electrodes at both surfaces are connect- 
ed to the gold wire 49 by the bonding machine as shown 
in Figure 24. Then electrodes 50 are set only at the cent- 
er of the plate 13 by the fine gold wire 49 (approximately 
18 \im), and the quartz property does not deteriorated 
as the conventional electrodes {for example the evapo- 
rated ones at the whole quartz plate). 
[0145] Figure 25 shows the manufacturing system of 
concave quartz oscillator 13 at one side. In Figure 25, 
the number 1 1 is the first lapping auxiliary tool, 1 9 is the 
secorid lapping auxiliary tool. 41 is a motor to rotate 
these tools 1 1 and 1 9 at a low speed (foe example from 
100 to 300 rpm), 43 is a motor to rotate a lapping tool 
44 at a high speed (for example 5000 rpm). The lapping 
tool 44 is made from soft material as felt, cotton stick, 
buff etc., this tool laps approximately at 1 mm/min by 
cerium oxide, GC or diamond grains and so forth. As 
seen in Figure 26, the quartz plate 13 of approximately 
40 \m thickness is finished to the plate 1 3 of the central 
2 -10 nm thickness. Also Figure 25 shows the manu- 
facturing system of quartz plate 13 in a concave lens 
shape. In this case, when the lapping tool 44 is electri- 
cally gild by diamond whetstone grains, the quartz plate 
13 can be easily lapped to the concave shape. After- 
ward, when the concave quartz plate 13 is lapped by the 
dual face lapping machine or one face machine, the con- 
cave quartz oscillator 13 Is finished up In the concave 
shape as seen in Figure 43 (b). 

[01 46] The lapping auxiliary tool 1 1 a or 11 b in a plane 
shape is made from Quartz, super steel, plastics, 
quartzite, glass or metal plate as shown in Figure 27, 
Figure 28 and Figure 29 In addition to those structures 
in Figure 11 and Figure 12. An adhesive layer 59 is made 
from pine resin and paraffin and so forth as shown in the 
hatched zone, the quartz plate 1 3 in the plane or convex 
shape is fixed and connected to the auxiliary tool. This 
plate 1 3 and tool 11 a or 11 b are lapped by the dual-face 
lapping machine (lapping table). After the one face lap- 
ping machine 17 is laps the auxiliary tool and another 
one 18 does the quartz plate 1 3, the Quartz plate is de- 
tached from the tool. This procedure enables the quartz 



plate 1 3 to be lapped accurately down to very thin shape 
regardless of thickness of the carrier 37 of the lapping 
table. When the material of the tool 11c in Rgure 29 is 
quartz or super steel, the following merits are got com- 
5 pared to the tool 1 1b in Figure 28. 

(1 ) The quartz plate 1 3 can be fixed to the auxiliary 
tool 11c by the side wall of the plate 13, since the 
adhesive layer 59 is thicker than that in Figure 28. 
10 (2) Even if the thickness of the plate 13 becomes 
extremely thin, the plate 13 can be connected the 
tool 11c, since the thtokness of the layer 59 can be 
thicker. 

IS [0147] (From Figure 30 to Figure 41 , the examples of 
sound to electric converter are given in the last part of 
this section.) 

[0148] Figure 42 (a) shows a piezoelectric plate 57 for 
an angular velocity sensor, this Is made by pasting two 

20 piezoelectric plates 57 of lithium niobate or potassium 
niobium and so on to an adhesive layer 59 of isolator. 
One side of the piezoelectric layer 57 is thick as 350 \im, 
and another side of the layer 57 is thin as 25 ^im. 
[0149] Figure 42 (b) shows a piezoelectric plate of 

25 static electric capacity type, which is developed by the 
manufacturing method in Figure 1 . In this case the cen- 
tral thick part of the piezoelectric plate 57 Is machined 
to be In a circular concave lens shape (inverted mesa) 
of 3 mm diameter, the thickness of the lens is 25 pm, 

30 and the adhesive layer is also 25 \im. 

[0150] Figure 43 (a) shows the shape of quartz plate 
13. which is made by the following process. 

(1 ) The plate 1 3 is masked by the resist pasting, the 
35 membrane is made from metal film or other materi- 
als. 

(2) When.the plate 1 3 is lapped by the chemical wet 
etching or by RIE process of fluorine gases, the con- 
cave inverted mesa type is made at the diameter of 

40 1 .5 mm for example. 

[0151] The following merits are listed for the lapping 
method as shown in Figure 44, Figure 45 and Figure 46. 

45 1 . The dual face lapping machine can make quartz 
oscillators in extremely thin plane or concave 
shape. 

2. When the dual face lapping machine is used to 
make oscillators, the machining accuracy of the 

50 plane and concave part is unchanged, since the 
rear surface can only be lapped without machining 
the plane or concave surface. 

3. When the dual face lapping machine is used to 
make oscillators from the rough lapping to the fine 

55 polishing, the machining accuracy of the plane and 
concave part is unchanged, since the one side lap- 
ping can be done with the first lapping auxiliary toot 
11. 
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4. The one side lapping method with the first lapping 
auxiliary tool 11 can maintain the parallel accuracy 
and plane accuracy for the dual face lapping ma- 
chine. 

5. The first lapping auxiliary toot 1 1 can accomplish 
the merit for the RiE or chemical etching, one side 
lapping machine and for the dual face lapping ma- 
chine. 

6. The first lapping auxiliary tool 11 can cancel the 
disadvantage of one side lapping machine. 

[01 52] Figure 47 shows the shape of the quartz oscil- 
lator which electric property is enhanced by motioning 
the dual face lapping machine lilce a planet on the quartz 
plate 13, which both sides are made to be concave by 
RIE, plasma or other wet etching process, and by elim- 
inating the reaction changed layer (fluorine combination 
or oxide layer) due to the wet chemical etching and so 
forth, without using the first auxiliary lapping tool 11 
shown in Figure 13. 

[01 53] Figure 48 shows the ground plans of masking 
on the quartz plate 13 of 2 inch wafer, when the quartz 
plate 13 is actually made, of the etched quartz plate 13 
in hundreds and thousands of planer, one-side concave 
or both-side concave shape by the chemical etching 
process, and of a rectangular or circular blank after the 
Quartz plate 1 3 is cut. By the way the rectangular shape 
is usually employed, though the circular shape is seen 
in Figure 48 (a) and (b), 

[0154] Although only one blank is made In Figure 44, 
45, and 46, many blanks are actually etched at the same 
time as shown In Figure 48 where the quartz plate 13 of 
2 inch wafer Is etched by the wet chemical process and 
so forth after it is masked by the resist powder. 
[0155] The quartz plate 13 which has many holes of 
single-side concave, double side concave or planer 
shape after substantial etching processes is lapped by 
the lapping auxiliary tool 1 1 , the tool 1 1 ' or the third aux- 
iliary lapping tool 61 in Figure 49. Otherwise, the dual 
face lapping can be directly done by the planet motion 
of the carrier 37 in Figure 20, or the plate can be ma- 
chined by the single side lapping machine. By these 
processes the precise costless plate 13 can be mass- 
produced in a short time by individually cutting the 
quartz plate 13 after* the wet chemical etching again to 
adjust the resonance frequency. 

[01 56] When the quartz plate 1 3 of 2 inch wafer in Fig- 
ure 48 (a), (b), (c) and (d) is lapped to be concave in one 
by one, hundreds, thousands pieces, the quartz plate 
13 can also be directly lapped dual facedly by the planet 
motion with the carrier 37 In Figure 20, after the plate 
1 3 is Inserted into the space 13 of the third auxiliary ma- 
chining tool 61 which is made from plastic, super steel, 
steel or other metal and material. 
[0157] Although Figure 49 shows one manufacturing 
process of lapping in addition to the machining of quartz 
plate 13, the lapping and machining processes of one 
by one, hundreds, thousands concaves are exactly 



identical to those of the plate 13 in Figure 49. 
[0158] The manufacturing conditions of the quartz 
plate 1 3 in Figure 49 are that the rear surface of the con- 
cave shape is lapped by the lapping plate 18 pasted by 
5 the pad or suede 15 and that the concave surface is 
lapped by the lapping plate 1 7 of steel or metal plate as 
tin plate. When the lapping is done by the lapping agent 
65 of tiny diamond, GC or cerium oxide and so forth, the 
quartz plate 13 is put Into the space 62 of the third aux- 
10 lliary tool 61, and the plate 13 combines the third tool 
61 . If the combined plate 1 3 and the tool 61 move always 
like a planet with the carrier 37 in Figure 20, the quartz 
plate 13 can be effectively manufactured up to the ulti- 
mate accuracy, since the third tool 61 which is made 
15 from super steel etc and located around the plate 1 3 Im- 
proves the parallelism and surface accuracy of the lower 
lapping plate 1 7 of tin and so forth. 
[0159] When the cerium oxide Is used to lap due to 
the good fitting of the quartz plate 1 3 as a lapping agent 
65 by using the lower lapping plate 1 7 of metal as steel 
and tin and the upper lapping plate 1 8 pasted by the pad 
or suede 1 5, over 90 percent of the lapped thickness Is 
machined by the upper lapping plate 1 8. Therefore the 
oscillating plate of the Quartz plate 13 is only lapped to 
be very thin step, since the rear fiat surface of the con- 
cave plate 13 can solely be machined as shown in Fig- 
ure 49 (b). 

[01 60] Furthennore even if the height of the third tool 

61 is same as that of the concave quartz platel3, the 
plate 13 Inside the tool 61 can be lapped approximately 
Into 15 |j,m, when the lapping plate 18 of urethane or 
fabrics is used, since the third tool 61 is made from super 
steel. For instance when the plate 13 is 80 p.m thick, the 
quartz plate 18 can be lapped to 80pjn-15|xm=65pin, 
even if the height of the third tool 61 Is same as that of 
the plate 13. 

[0161] There are some cases where the rectangular 
pate quartz plate 13 inside the rectangular space 62 with 
the third tool 62 and the direct carrier 37 in Figure 49 (c) 
is lapped more effectively than that in the circular space 

62 in Figure 49 (e). 

[0162] Figure 50 shows the lapped states of quartz 
plate 13 which is 15 ^m deep concave, when the plate 
13 is etched by RIE from the upper side of the plate 13 
after masking the plate 13 by a mask plate 63 which is 
made from the ultrasonically machined quartz with 5 mm 
holes, Tungsten or other materials. 
[0163] It is the reason why the masking plate 63 is 
used instead of the masking metal membrane that the 
membrane on the quartz plate 13 is utterly consumed 
to zero during the lapping process to the concave 1 5 \im 
which shape, since the thickness of the optically made 
membrane is only 1 |xm. Then it Is impossible for the 
quartz plate 13 to be shaped more deeply down to 15 
\im by RIE process without employing the masking plate 

63 with 0.5 mm holes for example. The material of the 
masking plate 63 for RIE is quartz or similar one as 
quartzite, since the surface of the quartz plate 13 is dis- 
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solved by fluorine gases for RiE, deposited by other ma- 
.terial in the plasma state and becomes rough. Then the 
precise making of the quartz plate 13 becomes Impos- 
sible, and quartz and similar quartzlte is utilized for the 
masl<lng plate 63 on the quartz plate 13. If Pyrex is used 
for the masking membrane 63 as a poor case, various 
impurities as aluminum in Pyrex is dissolved by fluorine 
gas, the combined alumina deposits on the surface of 
quartz plate 13, and we can use Pyrex etc. 
[0164] Instead of the above methods, it is possible for 
the masking easily to paste the resist on the surface of 
the quartz plate 13 by Dry Film (trademark of Dupon 
MRC Dry Film Inc.). Another method of the masking can 
be to paint the resist on the surface of the quartz plate 
13. 

[0165] Figure 51 and Figure 52 show a mechanical 
lapping method, after the quartz plate 1 3 is etched In the 
double-sided concave or convex shape by means of 
RIE, the plasma etching or other chemical wet etching 
processes. It Is for the etching changed layer of the 
chemical wet etching process In the concave shape to 
be eliminated by the dual face lapping machine or the 
one face lapping machine as the secondary lapping 
method, and to make the accurate parallel surface with- 
out the undulation. The quartz plate can be lapped to be 
ultimately thin by the mechanical lapping method, by 
smoothing the rough surface due to the etching. 
[01 66] In these Figures the hatched area is eliminated 
by using the mechanical lapping or the chemical etching 
process. 

[01 67] Figure 52 and Figure 53 show the second man- 
ufacturing method of the quartz plate 13 which central 
part of 0.5 mm diameter was previously lapped by RIE 
or other wet etching processes, while the first method is 
the finishing mechanical lapping process in Figure 1 (a). 
Since the second method requires small gripping area 
to lap the quartz, it becomes possible for the plate to be 
machined to be convex in the single or double sided 
shape In a short time, and also to be made to combine 
the holder 51 to the convex or concave tens part by the 
smooth line 53 as seen in the Figure. 
[0168] Afterthe quartz plate is machined to the bi-con- 
vex shape both by the machining and lapping processes 
in Figure 54 c. and the both faces are similarly lapped 
as 9. 25 ^m by RIE etching, ultra thin quartz oscillators 
are easily manufactured very accurately as seen in Fig- 
ure 54 (d) or Figure 54 (d'). 

[01 69] Figure 55 (a) and Figure 56 (a) shows one Inch 
rectangular quartz plate 1 3, which Is lapped to be 80 nm 
thick in the mirror surfaces by the dual face lapping ma- 
chine. 

[0170] Figure 55 (b) and Figure 56 (b) shows 12 jim 
thick quartz plate 13 which one side Is lapped 68 ^m by 

RIE process. Figure 55 (c) shows the 10.5 ^m thick plate 
13 which rough layer (non crystalline state due to RIE) 
as 1 . 5 |im is lapped by the wet etching process. Figure 
56 (c) shows 9 \Lm thick quartz plate 13 which is lapped 
as 1 .5 \jum from the both sides of 12 jxm plate. 
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[0171] Figure 57 shows the electric frequency prop- 
erty (56,595 MHz), which Is measured for the 29.5 \im 
thick plate similar to Figure 57. Figure 58 shows the 
property (96. 1599 MHz) of 17. 36 ^ quartz plate. Flg- 

s ure 59 shows the frequency as 96. 8547 MHz of 1 7.2 
\irr\ plate. Figure 60 shows the frequency as 136.1149 
MHz of 12.26 |i.m plate. These frequency-reactance 
characteristics are measured to be very excellent. 
[0172] Figure 61 and Figure 62 shows the lapping 

10 process of the quartz plate 1 3, which has little distortion 
since the lapping plates 1 7 and 1 8 are made from same 
material as quartz as the plate 13. Figure 62 and Figure 
63 have the hatched black region which is made from 
resin and used to reinforce the concave part of the plate 

IS 13. 

[0173] As shown in Figure 64, after the quartz plate 
13 is pasted by the adhesive as pine resin on the forth 
lapping auxiliary tool 66 which is made from quartz, hard 
glass, metal or other material in a planar shape with 

20 holes 64, the rear surface of the plate 13 and one face 
of the tool 66 are lapped by the upper and lower lapping 
plate 1 7 and 1 8 of the dual face machine. The shadow 
region in Figure 64 is the balanced state of the lapping 
pressure to the concave internal force as seen In the 

25 arrow of Figure 64 (b), however there exists no concave 
shape. The stronger the lapping pressure is compared 
to the internal force, the better concave the quartz plate 
Is seen Figure 64 (d). 

[0174] Figures 65, 66, 67, 68, 69 and 70 show the 

30 quartz plate 13, which is 80 |xm thick and 60 ^im deep 
concave as shown in Figure 61 and the diameter is 2 
mm or 1 inch. Figure 71 and Figure 72 show the quartz 
plate 13, which is 80 ^im thick and 6 mm diameter and 
the handling area is different. 

35 [0175] From Figure 71 to Figure 78, the quartz plate 
13 Is shown for 8 cases of the diameter 2, 3, 4. 5, 6 mm 
and 1 Inch. Figure 75 Is a measured diagram of the 
quartz plate 13, which one surface Is machined to be in 
an Inverted mesa type shape by the chemical wet etch- 

40 ing process and another surface is in a plane shape. 
Figure 76 shows interference stripes of the resonating 
part, which Is perpendicular to the rear concave surface 
of the quartz plate 13 In Figure 75, after the plate 13 is 
lapped b the dual face lapping machine In Figure 74 (d). 

45 [0176] Figure 79 and Figure 80 showthe lapping state 
of the quartz plate 13, which is double inverted mesa 
type after the plate is machined by the upper and lower 
lapping plate 1 7 and 1 8 of the dual face lapping machine 
in Figure 71. Figures 81. 82 and 83 show the lapping 

50 process of the quartz plate 13. which is double inverted 
mesa type after the rough surface (approximately from 
0.1 ^ to 0.5 ^m thick) due to the etching is machined 
by the upper and lower tapping plate 17 and 18 of the 
dual face lapping machine in Figure 71 . Figure 83 shows 

55 another lapping state of the quartz plate 13, which is 
machined by the upper and lower lapping plate 17 and 
18 with the pad or suede 15. 

[0177] Figure 85 shows the reactance-frequency 
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property of the quartz resonator 13, which is machined 
to be an inverted mesa shape by the lapping machine 
in Figure 84 and both rough surfaces (0.02 \jjr\ thick) are 
eliminated. The resonance frequency is 91 .5 MIHz. and 
the thickness of the plate In Figure 85 Is 1 8.25 ^m. Fig- s 
ure 86 shows the reactance-frequency property of the 
quartz resonator 1 3, which is machined to be an inverted 
mesa shape by the lapping machine In Figure 84 and 
both rough surfaces of 0.217 |im are eliminated and 
thickness of the plate in Figure 86 is 1 8.034 jim. Figure io 
87 shows the surface shape of the Quartz resonator 1 3. 
which resonating surface is enlarged and the convex 
height is 0.8 jxm. 

[01 78] Figure 88 and Figure 89 show the lapping state 
of the quartz plate 1 3, which double inverted mesa type is 
plate is machined by the dual face lapping machine, af- 
ter the plate is shaped to be concave by the wet etching 
or other RIE processes. 

[0179] As shown in Figures 88. 89. 90 and 91 , when 
the quartz plate 1 3 is etched chemically and machined 20 
by the dual face lapping machine, the plate becomes 
naturally convex or concave as seen in Figures 88 (e), 
89 (e) and 91 (e), since the force to the lower lapping 
plate over the upper one is 55/45. 

[01 80] Figure 92 (a) shows an example of reactance- 25 
frequency characteristics forthe quartz resonator, which 
is made by so-called dry etching process as RIE, ion 
milling or plasma etching. Near the peak fundamental 
frequency there is a spurious peak possibly due to RIE 
ion damage. After the surface is lapped manually, the 30 
spurious peak disappears as shown in Figure 92 (b), 
and the property Improves. 

[01 81 J Figure 93 shows the quartz oscillator of single 
inverted mesa type, which quartz wafer is masked and 
etched chemically for the mass production of quartz 35 
blank. As seen In Figure 93 (b), the reactance-frequency 
property is similar to RIE In Figure 1 (a). 
[0182] Figure 94 shows the reactance-frequency 
property of thin high frequency quartz oscillator in the 
single mesa shape, which is made by RIE and mechan- ^0 
leal polishing with the dual face lapping machine. Figure 
95 shows the property of the single mesa type quartz 
oscillator, which is made by the dual face lapping ma- 
chine of two different upper lapping plate. The ratio of 
the load for the upper lapping plate of iron is 1 .8 times 
of aluminum. Figure 96 shows the reactance-frequency 
property of quartz resonator, which has four lapping ma- 
terials and two lapping pressures. The stronger the 
pressure is, the sharper the resonance is, however the 
spurious resonance is observed. There is the optimum so 
pressure and aperture/thickness ratio. 
[0183] Figure 97 shows the peak to valley (P-V) at 
1 .44x1 .31 mm central part in order to study the effect of 
the resonating thickness to the form and surface thick- 
ness. 55 
[0184] Figure 98 shows the inverse of curvature radi- 
us for the convex lens. Figure 99 shows the surface 
roughness of the concave central part. 



[0185] These tests result in the conclusion that the op- 
timum diameter to thickness ratio is between 1 0 and 350 
and approximately 80, and that the high frequency 
quartz resonator over 334 MIHz is found to be made to 
show excellent electric property, as follows. 

(1) When quartz blanks of single inverted mesa type 
is used as the lapped material, quartz oscillators for 
ultra high frequency applications became feasible 
to be excellent electrfcally, after these blanks were 
machined by the conventional dual face lapping 
machine, float polishing system. or other lapping 
machines. 

(2) These developed machines could make plano- 
convex type oscillators from single inverted mesa 
types. Electric characteristics of double inverted 
mesa types were improved as well as the single 
types. 

(3) The optimum diameter to thickness ratio (d/t) 
was found to be between 1 0 and 350, and the typ- 
ical value of d/t was approximately 80. 

[0186] In the following section a sound-electric con- 
verter is introduced as an application of the piezoelectric 
element. The conventional prediction of earthquake us- 
es sea observation, underground structure search, glo- 
bal magnetic detection, GPS and ground displacement 
search of laser distance measurement, however anoth- 
er method may be air vibration sensing. A sound gath- 
ering microphone was employed to convert the air vi- 
bration to electric signal, which is easy to record and 
analyze, but it was difficult to detect the sound of the 
specific frequency due to the noise pickup. 
£0187] Figure 30 (a)-(e) show five examples of sound- 
electric converter, which are executed by the piezoelec- 
tric element of the present invention. In these Figures 
piezoelectric cylinders 21 and 54 are made from mono- 
crystal as quartz or lithium niobate etc. or ceramics as 
barium titanate and so forth. The central part of the cyl- 
inder 21 and 54 has a pressure surface 22, which has 
a pair of electrodes 23 and 24 connected to an amplifier 
25 to measure the induced voltage between the elec- 
trodes. Figure 30 (a) (b) (c) (d) and (e) shows the bi- 
convex, dual concave, plane, round circumferential 
plane and plano-convex type, respectively. As seen in 
Figure 30 (a), A room is made by sealing the inside of 
cylinder 21 with two plugs, and B room is made by seal- 
ing the inside of cylinder 54. 

[0188] Figure 31 is the upper view diagram of the 
sound-electric converter in Figure 30 (a) (e), where a 
hole or space 47 is formed by the pressure sensing sur- 
face 22. Then the vibration, which is induced from cyl- 
inders 21 and 54, moves freely from A to B or from B to 
A in Figure 30 (a) (e), the vibrations at A and B resonate 
at the central part, and the pressure sensor 22 is vibrat- 
ed more strongly than the case with out the hole orspace 
47. 

[0189] The pressure sensor 22 is made as follows. 
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Basically as shown in Figure 32, it hold a circle stick 30 
with the zipper 31 of the processing machine such as a 
lathe, and hold the processing tool 33 that rotation set 
up the whetstone 32 which made a diamond whetstone 
grain stick to the surface of the metal ball again in the 
tip freely with the tool holder 34. The whetstone 32 Is 
the sphere body that a confrontation side was cut as 
shown in Figure 33, and it is gaining rotation freely with 
it through the shaft carrier 36 at the tip of the support 
arm 35. As seen in Figure 34, it has the direction that a 
V letter-shaped groove 32a is contained in the fomri 
groove 32a wall one side whetstone 32 center pass side. 
Another application of the above lapping process is 
shown In Figures 2, 3 and 4 by using a whetstone 32 In 
Figure 36 (e). 

[01 90] The whetstone 32 of the much smaller diame- 
ter from the hole diameter is used as shown in Figure 
37. and it turns a whetstone 32 with going along the tune 
side of the pressure side 22 with the NC device and so 
on and moving it. The tool to turn around the usual shaft 
can be used for processing of the hole of the circle form, 
and the whetstone of the circular board surface form 
shown in the whetstone of the spherical surface fonri 
shown in Figure 38 and 39 can be also used. 
[0191] And it is the production figure of the grinding 
device to show it in the figure 40 and 4 1 , which has struc- 
ture to show In Figure 33. When the diameter of the 
whetstone 32 is 20 mm and the depth of the groove 32 
(a) is 1 mm, it faces on one side of the whetstone 32, 
and the number of the actual measurement value that 
the number of the rotation of the whetstone 32 was 
measured with the air pressure when it was jetted in the 
tangent direction is shown to grinding and a grinding de- 
vice in the following from the air nozzle 40. 

1 . The rotation of the whetstone 32 is approximately 
12.200 rpm, when the air pressure is 0.5 atmos- 
phere. 

2. The rotation of the whetstone 32 is approximately 
22,000 rpm, when the air pressure is 1.0 atmos- 
phere. 

3. The rotation of the whetstone 32 is approximately 
37,500 rpm, when the air pressure is 2.0 atmos- 
phere. 

4. The rotation of the whetstone 32 is approximately 
47,800 rpm, when the air pressure is 3.0 atmos- 
phere. 

5. The rotation of the whetstone 32 Is approximately 
50,000 rpm which is the limiting case of the bearing, 
when the air pressure is 4.0 atmosphere. 

Effect of Invention 

[01 92] The present invention of the piezoelectric ele- 
ment has the following effects. 

1 . High frequency quartz oscillators for example, 
which have an excellent electrical characteristics, 



become possible to be manufactured from the 
quartz blank by the conventional dual-face lapping 
machine, single-face lapping machine or float pol- 
ishing machine. 

5 2. The present Invention enables the single inverted 
mesa type shape to be the piano-convex type. Also 
the electrical perfomnance of the double inverted 
mesa type shows same improvement as the single 
inverted mesa type. 

10 3. The Quartz oscillator over 334 MHz becomes 
available when the aperture ratio of the diameter to 
the depth Is approximately 80. 

[0193] As mentioned above, the present invention 
15 makes the piezoelectric element to be extremely thin as 
less than 1 0 ^m and to show practically no spurious sig- 
nals. 

Industrial Applicability 

[0194] The present invention can be applied to a wide 
variety of fundamental oscillation sources for communi- 
cation instruments and detection instruments, and micro 
clock generators for general computers. OA information 
technology and other instrumentations. 



Claims 

30 1. An arbitrary shape piezoelectric element compris- 
ing a planer concave part at one central oscillating 
surface and a convex-lens-shape convex part at an- 
other central surface. 

35 2. An arbitrary shape piezoelectric element compris- 
ing a concave-lens-shape concave part at one cen- 
tral osciiiating surface and a convex-lens-shape 
convex part at another central surface. 

^0 3. An arbitrary shape piezoelectric element compris- 
ing a convex-lens-shape concave part at one cen- 
tral oscillating surface and a convex-iens-shape 
convex part at another central surface. 

45 4. An arbitrary shape piezoelectric element compris- 
ing a concave-lens-shape concave part at one cen- 
tral oscillating surface and a convex -lens-shape 
concave part at another central surface. 

50 5. An arbitrary shape piezoelectric element compris- 
ing a convex-lens-shape concave part at one cen- 
tral oscillating surface and a plane-lens-shape con- 
cave part at another central surface. 

55 6. An arbitrary shape piezoelectric element compris- 
ing a convex-Iens-shape concave part at one cen- 
tral oscillating surface and a convex-Iens-shape 
concave part at another central surface. 



20 



25 



12 



23 



EP1 168 464 A1 



24 



7. Manufacturing nrtethod for a piezoelectric element 
featuring the mechanical dual-face lapping of said 
piezoelectric blank and the polishing of said surface 
small roughness due to the chemical etching, after 
one surface or both surfaces of said piezoelectric 
element which are machined by the mechanical lap- 
ping process are chemically etched and become 
thinner 

8. Manufacturing method for said extremely thin pie- 
zoelectric element featuring the manufacturing 
process of said element by forming grooves and 
steps on the upper surface of the first auxiliary lap- 
ping tool, by connecting the second auxiliary lap- 
ping tool which is slightly higher than the depth of 
said grooves or steps Into the grooves or steps of 
said first auxiliary lapping tool, by setting said pie- 
zoelectric blank on the upper surface of said first 
auxiliary lapping too] inside said second auxiliary 
lapping tool, and by lapping said blank with the up- 
per lapping plate on said piezoelectric blank and 
with the lower lapping plate under said auxiliary lap- 
ping tool. 

9. Manufacturing method for said piezoelectric ele- 
ment as in claim 8 featuring the process of filling 
liquid in said grooves or steps on said first auxiliary 
lapping tool surface, setting said piezoelectric blank 
so as to contact the lower surface of said piezoe- 
lectric blank to said liquid, and fixing said blank to 
said first auxiliary lapping tool by said liquid surface 
tension or by freezing. 

10. Manufacturing method for said piezoelectric ele- 
ment as in claim 9 featuring to set said piezoelectric 
blank on a thin wet plate with water, and fixing said 
blank to said first auxiliary lapping tool by using said 
water surface tension of said thin wet plate. 

11. Manufacturing method for said piezoelectric ele- 
ment as In claim 8 featuring making plural holes on 
said first auxiliary lapping tool, filling viscous mate- 
rial as adhesive Into said holes, and fixing said blank 
to said first auxiliary lapping tool by connecting the 
lower surface of said piezoelectric blank to said vis- 
cous material or by vacuum force. 

12. Manufacturing method for said piezoelectric ele- 
ment as in claim 8 featuring to fix said blank to said 
first auxiliary lapping tool by using pine resin, par- 
affin, starch paste or other adhesives. 

13. Manufacturing method for said piezoelectric ele- 
ment as in any of claim 8 to 1 2 featuring to use hard 
glass or metal as super steel as material of said first 
auxiliary lapping tool, and to use super steel, Iron, 
hard glass or other glasses as material of said sec- 
ond auxiliary lapping tool. 



14. Manufacturing method for said piezoelectric ele- 
ment featuring to make a concave part by chemical 
etching on one surface of said piezoelectric blank, 
to make thin the base surface of said concave side 

5 by ion etching of the opposite surface of said con- 
cave side, to lap mechanically both surfaces of said 
piezoelectric blank, to eliminate the roughness due 
to said ion etching process, and to form convex-lens 
shape oscillating part in said concave part. 

10 

15. Manufacturing method for said piezoelectric ele- 
ment of the previous claim 14 featuring to make a 
concave part by RIE process, ion milling plasma 
etching or other wet etching means only on the cen- 
tral part, after masking said piezoelectric blank one 
surface by the mask. 

16. Manufacturing method for said piezoelectric ele- 
ment featuring to hold said piezoelectric blank on 
said auxiliary tool, to lap one surface of said piezo- 
electric blank by one lapping surface of said dual- 
face lapping machine, to lap at the same time one 
surface of said auxiliary tool by another tapping sur- 
face, and to use said dual-face machine as a single 
face lapping tool. 

17. Manufacturing method for said piezoelectric ele- 
ment featuring to hold the front surface or the rear 
surface of said piezoelectric blank by said auxiliary 
lapping tool, and to lap the concave surface of said 
piezoelectric blank by one lapping surface, and at 
the same time one surface of said auxiliary lapping 
tool by another lapping surface of dual-face lapping 
machine 

18. Manufacturing method for said extremely thin pie- 
zoelectric element featuring to make the concave 
part on said piezoelectric blank, to hold said con- 
cave part by said auxiliary lapping tool, and to lap 
the opposite surface of said concave part by one 
lapping surface and at the same time one surface 
of said auxiliary lapping tool by another lapping sur- 
face by using said dual-face lapping machine. 

Manufacturing method for said extremely thin pie- 
zoelectric element featuring to lap said piezoelectric 
blank, which surface is concave, concavo-convex 
or bi-convex, at the same time from the upper side 
and lower side by using said dual-face lapping ma- 
chine. 

20. Manufacturing method for said piezoelectric ele- 
ment as in claim 19 featuring to fill pine resin, par- 
affin or other adhesives into the concave pit of said 
concave piezoelectric blank, and to lap said rein- 
forced concave blank. 

21. Manufacturing method for said piezoelectric ele- 
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ment as in any of claim 16 to 18 featuring to make 
said auxiliary lapping from hard glass, plastics or 
metal as super steel or iron, which is hardly lapped 
by said lapping material as selenium oxide etc, and 
not easy to lap the one surface of said auxiliary lap- 
ping tool. 

22. Manufacturing method for said piezoelectric ele- 
ment, as In claim 14, featuring to make the concave 
part on said piezoelectric blank, after setting the 
masking plate of holed quartzite on the piezoelectric 
blank and making the ion etching machining by us- 
ing the masking technique. 

23. Manufacturing method for said piezoelectric ele- 
ment, as In claim 14, featuring to higher the surface 
lapping accuracy of quartz and so on by using Ar- 
gon mixed with fluorine gas as CF4, CHF3 or C2H8 
etc, when the piezoelectric material as quartz and 
so forth is ion-etched. 

24. Manufacturing method for said piezoelectric ele- 
ment, featuring to make electrodes to impress the 
electric voltage on the piezoelectric element after 
connecting fine gold wires to the central part of said 
piezoelectric plate. 

25. Manufacturing method for very thin piezoelectric el- 
ement, featuring to make the concave part on said 
piezoelectric blank, after lapping at the same time 
both surfaces of said piezoelectric blank, which one 
surface is fiat and another side is concave, by using 
said dual-face lapping machine. 

26. Manufacturing method for said piezoelectric ele- 
ment featuring to lap at the same time both surfaces 
of said piezoelectric blank, which one surface is stil 
flat and another side Is concave, by using said dual- 
face lapping machine, and to make outer a convex 
lens shape of plano-convex, concavo-convex or bi- 
convex at the front side. 

27. Manufacturing method for said piezoelectric ele- 
ment featuring to only to lap one surface of said pi- 
ezoelectric blank by one surface of said dual-face 
lapping machine after putting said blank naturally 
on said auxiliary lapping tool made from metal or 
other material or pasting said blank by adhesives 
as pine resin, paraffin or others; and also to lap the 
rear surface of said auxiliary lapping tool by anther 
surface, and to make plano-convex type, concavo- 
convex type or bi-convex type by lapping the rear 
surface of said blank. 

28. Manufacturing method for said piezoelectric ele- 
ment featuring to only to put said concave piezoe- 
lectric blank on said auxiliary lapping tool with ver- 
tical holes, or to paste by adhesives as pine resin 



or paraffin etc., and to lap one surface of said dual- 
face lapping machine after putting said blank natu- 
rally on said auxiliary lapping tool made from metal 
or other material, and also to lap the rear surface of 
5 said auxiliary lapping tool by anther surface, and to 
make plano-convex type, concavo-convex type or 
bi-convex type by lapping the rear surface of said 
blank. 

10 29. Manufacturing method for said piezoelectric ele- 
ment featuring to lap the damaged layer, which is 
produced during the conventional wet etching and 
RIE processes, by mechanical lapping process, af- 
ter said mechanically lapped piezoelectric blank is 

IS made to be extremely thin by said chemical and ion 
etchings. 

30. Manufacturing method for said piezoelectric ele- 
ment, featuring to lap said blank so that one surface 

20 Is in concave lens shape and another side is pro- 
truding as convex lens. 

31. Manufacturing method for said piezoelectric ele- 
ment featuring that one surface is in concave lens 

25 shape and another side is protruding as convex lens 
which convex part Is only made to be imminent from 
the flat plate. 

32. Manufacturing method for said piezoelectric ele- 
30 ment featuring that the ratio of the diameter to the 

depth Is from 1 0 to 350, or preferentially from 30 to 
150 for said element. 

33. Manufacturing method for said piezoelectric ele- 
35 ment, featuring to make the perpendicular and hor- 
izontal central lines unchanged to the tool holder for 
any diameters of diamond whetstone grains, by us- 
ing the ball whetstone which diamond grains are not 
solely electrically gilt to the touching part of the tool 

40 holder, when the ball whetstone is set to the cylin- 
drical tool holder by the magnetic induction of mag- 
net in cylindrical shape etc of the primary axis. 

34. Sound to electric converter, featuring to make pres- 
45 sure sensing surface of piezoelectric effect material 

at the central part and to set a pair of electrodes at 
said surface. 

35. Sound to electric converter, as In claim 34, featuring 
50 to make pressure sensing surface of piezoelectric 

effect material together to the cylinder 

36. Sound to electric converter, as in claim 34 or 35, 
featuring to make the central pressure sensing sur- 

55 face vibrate intensively, after forming holes or space 
at the circumferential part of the pressuring surface 
in order to resonate the air oscillation when the 
sound comes into both sides of the cylinder towards 
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said pressuring surface. 

37. Manufacturing method of sound to electric convert- 
er, featuring to malce cylindrical hole Into both sides 

of circular piezoelectric rod by milling method, to s 
make the pressure sensing surface of required 
thickness at the center of said rod, and to set a pair 
of electrodes at the pressure outer surface in order 
to get the electric signal amplified from the environ- 
mental air oscillation. 10 

38. Machining method of piezoetectrrc effect material, 
as In claim 37, featuring to make grains on the barrel 
surface of whetstone, to Inject air or liquid to the 
grains, and rotate said whetstone, as the machining is 
means, or to use other mechanical techniques. 

39. Manufacturing method for said sound to electric 
converter, as in claims37 and 36, featuring to make 
barrel whetstone by using steel sphere In a genuine 20 
circular cross section. 

40. Manufacturing system for said sound to electric 
converter, featuring no only to include the machine 

to fix one end of piezoelectric circular rod and to ro- 25 
tate around the rod axis line, but also to use the ma- 
chining tool, of which end has the driving mecha- 
nism to rotate said whetstone in barrel shape in high 
speed. 
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Recent Developments 

Quasi-Phase-Matching Quartz Aiming at Ultraviolet Wavelength 
Conversion 

Sunao Kurimura, Martin M. Fejer, Takunori Taira, Yoshiaki Uesu, 
and Hirochika Nakajima • 

Periodic polarization reversal in f erroelectrics results in 
quasi-phase matching (QPM) , which has brought about a 
revolution in nonlinear optics. In this paper, twin control 
through stress is proposed as a technique for introducing a 
reversal structure into nonlinear optical materials which do 
not undergo spontaneous polarization, and the method was 
applied to quartz. The expected wavelength-conversion 
characteristics and thermodynamics of twin control are 
described for quartz, which is transparent to ultraviolet 
light. 

1. Foreword 

Quasi-phase-matching (QPM) wavelength-conversion devices 
have attracted much attention in recent years for possessing 
several advantages such as high conversion efficiency, 
considerable degree of design freedom, and the capability of 
complex functions and integration-^^ . Because phase-matching 
characteristics can be designed in the space, frequency, or 
time domains, the introduction of a QPM structure into 
conventional crystals has had an impact equal to or exceeding 
that of newly developed crystals. For example, the spatial 
intensity distribution of converted light may be altered, or 
the frequency band of wavelength conversion may be broadened,^* 
or in other ways phase-matching methods afford unexpectedly 
diverse design possibilities. 

In QPM, when performing wavelength-conversion into a new 
wavelength area, a preexisting material with known optical 
constants, chemical properties, thermal properties, laser 
damage characteristics, machinability, mass-producibility and 
so on, can be used, instead of an unknown material. That is, 
simply by changing the modulation period of nonlinear optical 
constant, any wavelength can be accommodated even in a known 
material, and if modulation technology is established then all 
the transparent ranges of existing materials can be employed. 
For this reason, the manner in which a modulation structure of 
a nonlinear optical constant is introduced using QPM, and how 
to search for materials enabling such modulation, are 
important subjects for study^^ . Conventional QPM materials have 
for the most part been limited to ferroelectric materials; 
this is due to the fact that f erroelectrics have a spontaneous 
polarization, and that polarization reversal is possible by 
applying an electric field. That is, by patterning electrodes 
and applying an electric . field, nonlinear optical constants 
can be periodically modulated. For example, in the case of 
LiNbOa (LN) material, polarization inversion"'^ in MgOiLiNbOa, 
which is resilient to optical damage, enables the generation 
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of blue light, which cannot be produced through birefringence 
matching, and a stable and compact blue-light light source has 
thus been realized. This may be regarded as a good example 

of how efforts to broaden the range of materials in which 
modulation is possible lead to exploration of new 
applications. On the other hand, the representative QPM 

materials LN, LiTaOs (LT) , KTiOP04 (KTP) , and so on are 
f erroelectrics, and polarization reversal is possible in all 
of them; but because they have an absorption edge near 300 nm, 
wavelength conversion into the ultraviolet is difficult. BaB204 
(BBO) , CsLiBsOio (CLBO) , and quartz are known as optically 
nonlinear materials which are transparent in the ultraviolet 
range, but because they do not have a spontaneous polarization, 
QPM cannot be induced, despite their attractive 
characteristics. That is, if a new modulation method could be 
proposed for these materials, there would be the possibility 
of a major breakthrough for QPM technology and also for 
wavelength conversion technology. In this paper, we propose 
twin control through stress as a method of introducing a 
modulation structure in materials other than f erroelectrics, 
and report on periodic twinning observed in quartz. In 
addition, the ultraviolet wavelength conversion 
characteristics expected in QPM quartz, and the thermodynamics 
of twin control, are explained. 

2. Guidelines for Searching for Domain Control Materials 

When searching for QPM materials, the most important 
matter for study is the possibility of introducing a 
modulation structure. At present, modulation is also attempted 
in crystal growth and in diffusion junctions with the 
substrate in systems not having spontaneous polarization, but 
problems such as dispersion at the growth or junction 
interface, and unevenness at the incident face or in the 
direction of light propagation, have not been resolved, and 
development has stopped some distance short of practical 
application. Among glass and organic materials, introduction 
of a modulation structure due to charge motion/twin 
orientation caused by strong electric fields has been reported, 
but there is aging due to relaxation, and no efforts toward 
practical application have been made. Here, then, as a new 
attempt, utilization of twins (twinning) , which in principal 
have no interface dispersion and the thermodynamic behavior of 
which is similar to that of ferromagnetic domains, is proposed. 
Twinning is "the regular symmetric growth of the same type of 
crystal, in which a certain symmetric action causes one to 
coincide with the other"^^^- a ferroelectric domain may be 
regarded as a twin having spontaneous polarization. The 
following are guidelines for searching for materials when 
using QPM in twin control. 

(1) Do multiple energetically equivalent regions coexist in 
the crystal? (Can twins exist?) 

(2) What is the symmetric action binding twins? 

(3) Can the nonlinear optical constants dijk which are the 
object of this symmetrical action be modulated? 
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(4) Is twin control possible through application of external 

forces? 

(5) Can the QPM periodic conditions be satisfied? 

Table 1 summarizes the representative nonlinear optical 
constants and their symmetry ; ^^"^^^ these are used as examples 
in explaining the search guidelines. When inducing multiple 
state transitions through application of external forces, the 
ability to control the magnitude of the forces required 
(critical values) through the temperature is important for 
controlling domains, and the presence of phase transitions, 
and their transition points, are criteria for judging 
controllability and stability. In general, in crystals which 
undergo phase transitions, high-temperature phases have a high 
degree of symmetry, and low-temperature phases have a low 
degree of symmetry; the domains which arise at these times are 
joined by symmetrical action which is lost upon phase 
transitions. The following are ferroelectric material examples. 

1) LN: Domains are joined at 2//X (a twofold rotation axis 
about the X-axis), and the coordinate axes are transformed as 
X^X, Y^-Y, Z->-Z, so that the modulation d333->-d333 is possible. 
There is spontaneous polarization in the Z-axis direction, and 
an electric field can be used to reverse the Z axis, so that 
domains can be controlled, 

2) KTP: Domains are joined at the m//Z plane (with the mirror 
plane parallel to the Z plane) , and the coordinate axes are 
transformed as X->X, Y^-Y, Z->-Z, so that the modulation d333"^- 
d333 is possible. There is spontaneous polarization in the Z- 
axis direction, and an electric field can be used to reverse 
the Z axis, so that domains can be controlled. 

Below, similar studies are conducted for quart z. 

3. Physical Properties of Quartz and Anticipated Wavelength- 
Conversion Characteristics 

In this research, quartz was selected as the nonlinear 
optical material, in the interest of developing devices suited 
to practical application . '^^^ Quartz has long been known as the 
precious stone amethyst (a purple variety of quartz), can be 
ground easily, has a high hardness (7 on the Mohs scale) and 
excellent chemical stability, can be procured at low cost, is 
transparent up to 150 nm in the ultraviolet range, and has a 
high threshold for damage by laser light (400 GW/cm^ at 1064 nm, 
31 ns pulses^^^). Historically , quartz was used in the first 
experiments on second harmonic generation (SHG) ; but because 
of its small birefringence and absence of phase matching, it 
had not been used as a wavelength-conversion material. If a 
QPM structure could be created, it might become a promising 
wavelength-conversion crystal, but because it does not have 
spontaneous polarization, the electric field application 
method cannot be employed- We therefore attempted to introduce 
a QPM structure through control of twins in quartz crystals. 

Single-crystal quartz, Si02, is in the a (trigonal) phase 
at room temperature, with point group 32 symmetry; the high- 
temperature phase is the P (hexagonal) phase of point group 
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622, and there is an a-p transition point at 573®C. The 
independent nonlinear optical constant is dn (hereafter dij^ is 
abbreviated to dn) . Fig. 1 shows the arrangement of Si atoms 
in the quartz crystal structure seen along the Z axis.^®^ The 
hexagons represent Wigner-Seitz cells. In the high-temperature 
p phase. Si atoms are positioned at the centers of each edge. 
In the room-temperature a phase, the Si atoms are shifted, and 
the symmetry is reduced. With an Si atom shift of 0.03 nm and 
an oxygen atom shift of 0.06 nm, a twin boundary is 
substituted. Another feature is the absence of a concomitant 
shift in large atoms. As indicated in Table, 1, Dauphine twins 
in quartz are joined by a twofold rotation axis about the Z 
axis (2//Z) , resulting in the transformation X">-X, Y->-Y, Z->Z. 
As a result the sign of dn changes between the twins, and it 
is seem that QPM is possible for the twin periodic ordering. 
With respect to dn. Fig. 2 shows the calculated ordering 
period of twins for first-order QPMSHG from the refractive 
index dispersion . -^^^ Compared with LN and other materials, the 
refractive index dispersion is gradual, and so the required 
period A is large. For example, when converting a 1064 nm 
wavelength to 532 nm, as opposed to an LN period of 7 |Lun, for 
quartz 49 \im is sufficient, and even in wavelength conversion 
from 532 nm to 266 nm, the QPM conditions are satisfied at a 

period of 5.5 jjm. 

As is well known, resonator technology has in recent 
years been deployed for wavelength conversion, and it has 
become possible to perform efficient conversion using small 
devices. Materials with large nonlinear optical constants are 
advantageous for single-pulse wavelength conversion, but 
because the effective optical length can be large in 
wavelength conversion within a resonator^ optical losses and 
the tolerance range become important parameters. In 
conventional BBO and CLBO, the tolerance ranges for wavelength 
and temperature were narrow, and this was one factor 
limiting conversion efficiency. Fig. 3 shows tolerance ranges 
calculated from the refractive index dispersion and 
temperature dependence of the dispersion . ^"^^ In a QPM crystal, 
the wavelength dispersion and change with temperature in 
refractive index are small, so that the wavelength tolerance 
range and temperature tolerance range (half -maximum width) are 
broad, and when converting 532 nm into 266 nm, a wavelength 
range AX = 0.22 nm and temperature range AT = 10.7°C are 
calculated. In QPM, the tolerance range can be broadened 
through design of the periodic pattern, and the ability to 
design characteristics according to the entire system is an 
added advantage. The characteristics for generation of 266 nm 
light are summarized in Table 2. Together with the high 
threshold for optical damage and the fact that the 
polarization of the incident fundamental wave is not affected, 
study as a high-output wavelength conversion crystal for 
generation of visible light is warranted. 
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4, Treatment of Elastic Energy due to Stress Application 

As preparation for discussion of twin control, the 
thermodynamic energy of a crystal is defined- Talcing the Gibbs 
free energy within a solid to be G and considering up to 
second-order effects of external fields, the change dG due to 
an external force can be written 

dG=sdT-eij (dCij) -Pi(dEj) (1) 
Here s is the entropy, T is temperature, eij are the ij 
components of the strain tensor, aij are the ij components of 
the stress tensor. Pi are the i components of the dielectric 
polarization, and Ei are the i components of the electric field. 
Using the spontaneous strain e^^^ij and elastic compliance Sijki, 
piezoelectric tensor dijk, and spontaneous dielectric 
polarization P^®*i, and taking G to be the total energy 
integrated over each variable, we have 

G=sT-e*^^jaij+ (1/2) Sijki(cTijaici) 

+dkijEkaij-P^^^Ei (2) 
Here the subscripts ijkl are taken to be variable. If two 
states having different physical constants are represented by 
and then the energy difference between these two 

states AG is as follows. 
AG=G*-^*-G<-*=(Ae^^^j)aij+(l/2) (ASijki) 

(aijaki) + (Adkij ) E^o^j^ (AP^^^) Ei (3) 
AG is the energy difference between two states for external 
forces a and E. When this AG is negative and a sufficiently 
large external field is applied for transitions between the 
two states, a transition occurs from the higher-energy . state 
to the lower-energy state. 

The method of polarization reversal through electric 
field application which is generally used with f erroelectrics 
utilizes the different signs of the spontaneous polarization 
P^^^ between domains, and makes use of the energy difference 
(AP^^^i)Ei between domains due to the electric field. In order 
to introduce a AG into a system not having spontaneous 
polarization ( (AP^®*=0) , it is necessary that either e'®^ or Sijkir 
dijk change signs between states, and moreover a force 
sufficient for a transition between states is required (in the 
case of a crystal with phase transitions, a strong temperature 
dependence of the external force critical point can be 
expected) . Below the discussion shall be developed keeping in 
mind control through stresses, and focusing on the term 

(l/2) (ASijki) (cTijajci) = (1/2) [a]''[AS] [a] (bielastic term) . 

[S] is a 6x6 tensor, but the independent elastic 
constants for point group 32 are Sn (Sim) / S12 (S1122) / S13 
(S1133)/ Si4 (S1123)/ S33 (S3333). S44 (S2323) • Hereafter the 
subscripts of Sijki are abbreviated to Sij . Upon investigating 
the elastic compliance between twins, the sign changes only 
for S14. As a result, calculating the energy difference due to 
the bielastic term for electric field E=0 as a function of the 
stress a gives 
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AG=(l/2)[ar[S][a] 

= 2Si4 (0x04-020^-^20^06= (4) 

A transformation into polar coordinates is performed in order 

to evaluate the crystal direction dependence of AG (0, (|>) . 
Coordinates are defined as is customary^ with the vector 
direction being normal to a plane cutting the crystal. 

1) Case of compressive elastic stress perpendicular to the 
plane cutting the crystal 

At this time the stress tensor in polar coordinates is 
written [a'] = {-Oo, 0, 0, 0, 0, 0),*^* and 
AG=(l/2)[ans][a] 

=2Si4ao^sin'^0cos9cos3<t) ( 5 ) 

By choosing an appropriate crystal direction 9, <|), a AG can be 
induced, and by applying sufficient stress, polarization 
reversal is possible. According to past reports on normal 
stresses, it is confirmed that for this treatment the 
polarization is reversed when AG < 0.^^^ 

2) Case of stress parallel to the plane cutting the crystal 

If the angle made by the in-plane stress with the 9 axis 
is l^r then the stress tensor in polar coordinates can be 
written [a'] = (0, 0, 0, 0, -aosin^, -aocos^)^. Rearranging this 
similarly to the above, we have 

AG=(l/2)[ans][a] 

=2Si4ao^[2sin^0cos9cos(|){3-4cos^<|)}}sin^^ 

+ 2sin^9(l-3cos^0)sin<j)(4cos^(|)-l)sin^cos^ 

+ (1/2) sin40cos(t)(4cos^(t)-3) cos^§] (6) 
Similarly to 1), by choosing an appropriate crystal direction 
0 and (|), a region in which AG < 0 can be selected, and 
polarization reversal becomes possible. In the case of in- 
plane stress, describing AG as a function of the angle ^ 
results in Fig. 4. Calculations were performed taking the 
substrate direction 0 as a parameter between 5 and 55^ (with ^ 
fixed at 180°) . It is seen that by choosing an appropriate 
substrate direction, a region exists for which AG < 0, and by 
performing heat treatment immediately below the transition 
point, the prospect of twin formation is obtained. 

5. Twin Formation through Stress in the Plane of the Substrate 
From the above calculations, it is inferred that in-plane 
stress can also be used for twin formation, and so an attempt 
was made to form twins through thermal stress^^^ . A method was 
employed in which metal thin film was formed on a quartz 
substrate, and the difference in thermal expansion 
coefficients with the substrate was utilized up to immediately 
below the transition point to apply stress^''*. Here, for the 
evaporation-deposited film, Cr (thermal expansion coefficient 
a=4 . 9 X 10"^, Young's modulus E=24.8 x 10^°) with, sufficient 
elasticity constant and a large difference in thermal 
expansion coefficient compared to quartz (a=14 x 10"^(1/K), 
E=9.56 X 10^°(Pa)) was employed. A commercially marketed 
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substrate having a cut plane of 938°, <|)180*', with a diameter of 
4 inches and thickness of 0.5 mm, was employed. In order to 
perform stress patterning, the Cr evaporation-deposited film 
was machined into a periodic pattern. The Cr period A was from 
40 to 100 Jim, and the ratio R of the film width to the period 
was from 0.2 to 0.6. The Cr film thickness was 500 nm, and a 
ramp annealer (rapid thermal annealer) was used for -rapid 
heating in the Ar gas employed to prevent oxidation of the Cr 
film. In order to render uniform the temperature distribution 
over the sample, silicon wafers were brought into contact with 
both faces of the sample (Fig, 5) . The temperature was 
raised to the vicinity of 550®C, just below the transition 
point, in a short time of between 5 and 12 seconds, to 
generate thermal stress. 

Using this technique, we succeeded in forming periodic 
twins, for the first time ever to our knowledge. Fig. 6 shows 
a photo of twins with a period of 80 pm, obtained through 
thermal stress due to the Cr thin film. The twins occur from 
the edges of the Cr film at which stress is concentrated and 
tend to spread outward; in order to obtain stress sufficient 
to form twins, R=0.5 or higher was necessary. The technique 
used was confirmed to result in a shortest period of 40 |im. 
However, the depth of the twins formed was several microns or 
so, unsuitable for bulk wavelength conversion. Hence twin 
formation through normal stresses was studied, in order to 
improve the twin aspect ratio. 

6. Twin Formation through Normal Stresses 

Twin formation through normal stresses is known to occur 
with strongly anisotropic growth below 250°C^^' . However, the 
extremely high critical stress value, and the fact that twin 
formation is not accompanied by a change in the refractive 
index, so that observation is difficult, and other reasons 
have resulted in scattering among measured values. In order to 
determine the temperature dependence of the stress necessary 
for formation, we have used our own stress application 
apparatus^^' to apply uniaxial stress normal to the substrate. 
In order to be able to expect reliable twin observation, a 
method was adopted in which etching was used to observe the 
steps between twins. Fig. 7 plots quartz temperature along the 
horizontal axis and the applied stress along the vertical 
axis; points at which twins were observed are indicated by 
circles. Our measurement data indicate that twins are formed 
at lower stresses than in past reports (approx. lO"^ Pa at 
250°C) , but because etching also enables observation of twins 
localized at the surface, it is thought that even minute twins 
relevant to QPM can also be observed. Hereafter, high- 
sensitivity non-destructive evaluation of twins^^^ will also be 
a subject for study. The twins formed extend to the rear 
surface, as seen in the etching photos, and there is the 
possibility for improvement of .the aspect ratio in the depth 
direction. Further developments are anticipated. 
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7- Conclusion 

Quartz has been studied as a QPM wavelength-conversion 
material for generation of ultraviolet light, and it was shown 
that satisfactory characteristics as a wavelength-conversion 
element can be expected. Twin control in place of 
ferroelectric domain control was proposed as a method of 
modulation of nonlinear optical constants, and a thermodynamic 
approach was discussed. In-plane stresses were actually used 
to control twins, and periodic twins were formed successfully 
for the first time. Just as the method of polarization 
reversal in f erroelectrics through electric field application 
was a breakthrough for QPM,^^^ hereafter, should technology for 
twin control with a high aspect ratio in the depth direction 
be established, the way should be prepared for bulk wavelength 
conversion over a broad range, taking advantage of the broad 
transparent wavelength region. 
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Fig. 1. Arrangement of silicon atoms in Dauphine twins 
Wigner-Seit z cells 
a phase silicon atom 
P phase silicon atom 

Table 1. Representative nonlinear optical crystals and their 

symmetry properties 

Crystal 

Room- temperature symmetry 
Transition point (°C) 
High-temperature phase symmetry 
Symmetry operations between domains 
Nonlinear optical constants 
m//Z plane 
m//Z plane 
2//Z (Dauphine) 

Fig. 2. Wavelength dependence of twin period in QPM quartz 
second harmonic generation 
QPM period (|xm) 

Second harmonic wavelength ((oin) 

Fig. 3. Wavelength dependence of wavelength and temperature 
tolerance ranges in QPM quartz second harmonic generation 

Wavelength tolerance range AX (nm-cm) 

Temperature tolerance range AT (°C-cm) 

Second harmonic wavelength (fim) 

Table 2. Characteristics of representative ultraviolet 
wave length -conversion crystals 

Quartz 

Effective nonlinear optical constants 
Wavelength tolerance range 
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Temperature tolerance range 
Walk-off angle 

Fig. 4. Change in bielastic energy due to in-plane stress 
application to quartz (9 is the substrate direction) 
AG (arbitrary units) 
Angle ^ from 0 axis (deg) 

Fig. 5. Method of twin formation through rapid heating using 
ramp annealer 
Heating light 

Rise time: 5 to 12 sec, 550°C 

Fig. 6. Periodic twins due to in-plane thermal stress (period 
80 Jim, R is the ratio to the Cr film) 

Fig. 7. Twin generation experiments through uniaxial normal 
stress, (a) Stress application apparatus; (b) photo of twins 
after etching; (c) temperature dependence of twin generation 
Stress application apparatus 
Piston 

Quartz substrate 
Electric furnace 
Applied stress (xlO^ Pa) 
Temperature (^C) 
Twins generated 
Twins not generated 

Top surface 
Bottom surface 
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